This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. To investigate the expression and prognostic value of MACC1 in patients with HCC and identify the mechanism by which MACC1 inhibits HCC cell apoptosis. Methods: MACC1 and p-AKT expression was studied using immunohistochemistry of both HCC tissues and adjacent liver tissues. qRT-PCR and western immunoblotting were used to examine the expression of target genes at the mRNA and protein levels, respectively. The MTT assay was used to assess cell viability, and cell apoptosis was determined by DAPI staining, Annexin V/PI staining and Caspase 3/7 assay. Nude mice were used to perform in vivo experiments. Results: The overexpression of MACC1 was found in HCC tissues and was correlated with poor postsurgical prognosis. There was a positive relationship between MACC1 and p-AKT expression in HCC tissues. In vitro experiments showed that MACC1 repressed HCC cell apoptosis and promoted cell growth. Knockdown of c-MET abolished the anti-apoptotic function of MACC1. Next, MACC1 was verified to activate PI3K/AKT signaling by sensitizing HGF/c-MET signaling in HCC. MACC1 overexpression enhanced the HGF-driven phosphorylation of BAD, Caspase 9 and FKHRL1 and inhibited their pro-apoptotic functions in HCC cells. Finally, MACC1 was shown to inhibit cell apoptosis and promote HCC growth in vivo. Conclusions: This investigation revealed that MACC1 overexpression predicted worse prognosis after liver resection, which was attributed to the repression of HCC cell apoptosis via a molecular mechanism in which MACC1 accelerated the activation of the HGF/c-MET/PI3K/ AKT pathway and phosphorylated BAD, Caspase 9 and FKHRL1, ultimately preventing their nuclear translocation and their pro-apoptotic function.
Introduction
Hepatocellular carcinoma (HCC) has a mounting annual incidence of 4.9 per 100,000 persons, which makes it one of the most common cancers and the third leading cause of cancer-related deaths worldwide [1, 2] . Despite recent advances in the diagnosis and treatment of HCC, the prognosis for HCC patients remains poor due to a low rate of curative resection and high incidence of postoperative tumor recurrence. Therefore, there is an urgent need to develop novel therapeutic strategies for HCC.
In 2009, Stein and her colleagues [3] identified by genome-wide search the metastasis associated with colon cancer 1 (MACC1) gene as the critical pro-metastatic factor in human colon cancer. MACC1 has been demonstrated to activate the HGF/c-MET pathway through binding to the promoter of c-MET. Several studies have revealed that aberrant activity of c-MET results in multiple cellular responses regulating proliferation, cell morphogenesis, migration and breakdown of the extracellular matrix [4] [5] [6] . In the event of activation by HGF, c-MET transmits intracellular signals and activates downstream Ras-mitogen-activated protein kinase (MAPK)/Erk and phosphoinositide 3-kinase (PI3K)/AKT pathways [7, 8] , consequently promoting cell survival, migration and invasion and suppressing apoptosis in a variety of cancers.
PI3K is one of the important kinases regulating cell survival, proliferation and differentiation. Previous investigation demonstrated that PI3K assembles in the membrane by interacting with activated receptors directly or indirectly in response to stimulation by growth factors and cytokines. In consequence, the activated PI3K converts phosphatidylinositol (3-5)-trisphosphate (PIP3) from phosphatidylinositol 4,5-bisphosphate (PIP2) by phosphorylating inositols on the lipid membrane. PIP3 then binds with AKT, a type of serine-threonine kinase, and phosphorylates it directly. Phosphorylated AKT (p-AKT) phosphorylates its downstream signaling effectors such as Bad [9] and FKHRL1 [10] and in turn exerts an anti-apoptotic effect. However, to date there have been no studies determining whether MACC1 could inhibit cell apoptosis via the modulation of the HGF/c-MET/AKT pathway in HCC.
In our preliminary study, we found significantly more expression of MACC1 in HCC tissues compared with adjacent liver tissues, and the nuclear expression of MACC1 was correlated with poor tumor differentiation, intrahepatic metastasis and portal invasion. The ablation of MACC1 in HCC cells repressed cell migration and invasion by down-regulating MMP2, MMP9 and c-MET [11] . Here, we attempt to answer the following questions: 1. Does MACC1 mediate cell apoptosis of HCC cells? 2. Does MACC1 regulate the HGF/c-MET/ AKT pathway? 3. Is the phosphorylation of AKT attributed to MACC1-driven anti-apoptotic function in HCC cells? 4. Does MACC1 affect the growth of HCC xenografts?
Materials and Methods

Reagents
TurboFect transfection reagent and a RevertAid Premium First Strand cDNA Synthesis kit were purchased from Thermo (MA, USA). Full length cDNA of MACC1 was amplified from human embryonic kidney 293FT cells and cloned into the pCMV6 entry vector. The shRNA sequences targeting MACC1 were synthesized by GenePharma (Shanghai, China). The sequences were 5'- 50-CAC CGA AGA TTG GAC TTG TAC  ACT GCT TCA AGA GAG CAG TGT ACA AGT CCA ATC TTT TTT TTG-3' and 5'-GAT CCA AAA AAA AGAT TGG  ACT TGT ACA CTG CTC TCT TGA AGC AGT GTA CAA GTC CAA TCT TC-3'. The negative shRNA sequences were  5'-CAC CGT TCT CCG AAC GTG TCA CGT CAA GAG ATT ACG TGA CAC GTT CGG AGA ATT TTT TG-3' and 5'-GAT CCA AAA AAT TCT CCG AAC GTG TCA CGT AAT CTC TTG ACG TGA CAC GTT CGG AGA AC-3 '. All shRNA sequences were recombined into a plasmid with a U6 promoter and green fluorescent protein, which was also obtained from GenePharma (Shanghai, China 
Cell lines and culture
The human HCC cell line MHCC97H was provided by Prof. Kefeng Dou from the Fourth Military Medical University (Xi'an, China) and was cultured with DMEM medium. SMMC7721 cells and Hep3B cells were both obtained from the American Type Culture Collection and grown in RPMI-1640 medium and complete MEM medium, respectively. The cell culture medium was supplemented with 10% heat-inactivated fetal calf serum (FBS).
Establishment of MACC1 stable transfectant clones
Both MACC1-expressing plasmid and control plasmid were transfected into Hep3B cells and SMMC7721 cells using TurboFect transfection reagent. The MACC1 stable transfectant clones and control clones were obtained after 2-week selection with Geneticin (G418) from Invitrogen (Carlsbad, CA, USA) (the concentration of G418 was 500 g/mL for Hep3B cells and 300 g/mL for SMMC7721 cells).
ShRNAs transfection
The plasmids with shRNA against MACC1 or scrambled shRNA were transfected into MHCC97 cells with the help of TurboFect transfection reagent. Cells were observed 24 h after transfection with a fluorescence microscope to select clones with more than an 80% transfection rate for future experiments of this study.
SiRNAs transfection
HCC cells were seeded in six-well plates at the concentration of 0.2 × 10 6 per well and grown overnight. A total of 100 nM siRNA was transfected into HCC cells in each well using Lipofectamine RNAi MAX Reagent in accordance with the manufacturer's instructions. The cells were used for further experiments 48 h after transfection.
Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA was extracted from HCC cells with the Fastgen200 RNA isolation kit. Then, it was reverse transcribed into cDNA using a RevertAid Premium First Strand cDNA Synthesis kit according to the manufacturer's protocol. SYBR Green PCR master mix was used to perform qRT-PCR with an IQ5 System. The primers to detect the mRNA level of MACC1 were 5'-CTTGCGGAGGTCACCATAGC-3' and 5'-GATTTCCAACAACGGGCTCA-3'. β-actin was used as the internal control. The primers to detect β-actin mRNA were 5'-GGGAAATCGTGCGTGACAT-3' and 5'-CTGGAAGGTGGACAGCGAG-3'. MACC1-expressing plasmid was used to create the standard curve. All samples were normalized to the internal control. In total, we performed this measurement with 3 pairs of samples, and there were three replicates for each examination.
Western immunoblotting
The protocol for western immunoblotting has been described in our previous paper [12] . Briefly, cell lysates were prepared in RIPA buffer with inhibitors of proteases and with sodium orthovanadate as an inhibitor of phosphotases. The protein concentration was examined using the BCA Protein Assay kit and spectrophotometry. Denatured protein (30 μg) was separated by electrophoresis in SDS-PAGE gels and transferred onto PVDF membranes. The protein blots in PVDF membranes were incubated with primary antibody overnight at 4℃. After 3 washes with TBST, blots were probed with secondary antibodies Cell viability assay HCC cells were seeded in 96-well plates at 5000 cells per well and incubated for 24 hours. The 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was used to assess cell viability at 24, 48, 72 and 96 hours. In total, we performed this measurement with 3 pairs of samples, and six replicates were set for each assessment.
Cell apoptosis assessment
We performed three distinct assessments to detect cell apoptosis in this study. Apoptotic nuclear changes including chromatin condensation and nuclear fragmentation were measured by staining cells with DAPI and visualizing them with fluorescence microscopy. The Apo-ONE Homogeneous Caspase-3/7 Assay kit was used to examine the caspase 3/7 activity of HCC cells. The results were read using a Luminoskan. Populations of apoptotic cells were measured by staining HCC cells with Annexin V-FITC and PI labeling using the Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis kit in accordance with the manufacturer's recommendations. In total, we performed this detection with 3 pairs of samples and set 3 replicates for each assessment.
In vivo experiments
Two million MACC1-expressing or control Hep3B cells were mixed in 150 µL of Matrigel and consequently injected subcutaneously into the flanks of 4-to 6-week-old male nude mice. Tumor size was measured with calipers every 7 days. All mice were sacrificed 3 weeks after the injection of HCC cells. Formalin-fixed, paraffin-embedded tumor samples were collected for the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay. The TUNEL assay was used to evaluate cell apoptosis in the xenograft tissues as described previously [13] . All in vivo experiment protocols were approved by the Institutional Animal Care and Use Committee of the First Affiliated Hospital of Xi'an Jiaotong University.
Immunohistochemistry staining A total of 50 HCC patients undergoing liver resection, including curative resection for early HCC and palliative resection for advanced HCC, from 2009 to 2010 in our hospital were recruited for this study. None of the patients received pre-operative chemotherapy or embolization. We obtained HCC tissues and adjacent liver tissues (> 2 cm distance to the resection margin) that were immediately placed in paraformaldehyde upon removal during the operation. Clinical information, including Edmondson classification, tumor-nodemetastasis (TNM) staging, maximum tumor diameter and normal tumor-adjacent tissues, was confirmed by an experienced pathologist who was blinded to the clinical information.
Sections of 4 μm thickness cut from formalin-fixed, paraffin-embedded blocks were mounted on glass slides. After deparaffinization, antigen retrieval was conducted by heating the slides below the boiling point for 20 min. Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide in methanol for 10 min. After being washed twice in phosphate-buffered saline (PBS) for 5 min each wash, sections were blocked by incubating with 3% bovine serum albumin (BSA) for 10 min. Primary anti-MACC1 antibody (dilation 1:100) and primary anti-p-AKT antibody (dilation 1:50) were both incubated at 4℃ overnight. After being washed with PBS three times, sections were incubated with biotinylated secondary antibodies from Zhongshan Goldenbridge Biotechnology Ltd. Co. (Beijing, China) at 4℃ overnight. Sections were stained using the avidin-biotin-peroxidase complex (SABC) method, visualized with diaminobenzidine and counterstained with hematoxylin. All sections were dehydrated in alcohol prior to mounting.
Two experienced pathologists independently observed the sections. Semi-quantitative scoring methods included evaluating the staining intensity and the percentage of specifically positively stained HCC cells. The intensity of staining was divided into four grades: 0, none; 1, weak; 2, moderate and 3, strong. The percentage of specifically positively stained tumor cells was also classified into four grades: 0 (<5%), 1 (6%-25%), 2 (26%-50%), 3 (51%-75%), and 4 (>75%). The IHC staining score was calculated by multiplying the staining intensity and the percentage of specifically positively stained HCC cells. Ten independent high magnification fields (×400) were assessed in each section, and the mean staining score was obtained.
Statistical analysis
All data were expressed as the means and standard errors of the mean. The Mann-Whitney test or Student's t test was used to evaluate statistical significance of differences between groups. The correlation between MACC1 expression in HCC tissues, clinical characteristics and p-AKT expression in HCC tissues was analyzed using the Spearman rank test. Differences in the Kaplan-Meier survival curves between the high MACC1 group and low MACC1 group were assessed using the log rank test. A P value less than 0.05 was considered statistically significant.
Results
MACC1 expression in HCC tissues was aberrantly increased and associated with p-AKT
To determine the expression of MACC1 in HCC tissues and its correlation with p-AKT, we performed an IHC staining assay of 50 pairs of HCC specimens and adjacent liver specimens. As shown in Fig. 1A, MACC1 protein was located mainly in the cytoplasm. Of the 50 cases, there were 37 HCCs (74%) with higher MACC1 expression in HCC tissues than in adjacent liver tissues. After analyzing IHC staining scores, we found that the expression of MACC1 was significantly increased in HCC tissues (P < 0.001, Fig. 1B) . After Spearman rank analysis, we found that MACC1 expression in HCC tissues was clearly related to high EdmondsonSteiner classification (r = 0.523, P = 0.020) and advanced TNM staging (r = 0.249, P = 0.033), whereas no correlation was found between MACC1 expression in HCC tissues and gender (r = 0.123, P = 0.220), age (r = 0.356, P = 0.081), HBV infection (r = 0.523, P = 0.161), liver cirrhosis (r = 0.411, P = 0.065), serum α-fetoprotein (AFP) level (r = 0.221, P = 0.082), or tumor size (r = 0.271, P = 0.091).
To establish the role of MACC1 on prognosis of HCCs after liver resection, we performed a follow-up study on all 50 HCCs and obtained detailed information for 41 cases (82%). The median duration of follow-up was 27 months. We observed the results of MACC1 staining in 5 pairs of HCC and adjacent liver tissue slides for each of the 41 HCCs and calculated the staining scores. The 41 HCCs were divided into two groups, the high MACC1 group and low MACC1 group, using the mean ratio of tumor/benign MACC1 expression as the cut-off value. The high MACC1 group (n = 28) included cases with higher MACC1 expression in HCC tissues than in adjacent liver tissues, whereas the low MACC1 group (n = 13) included patients expressing lower levels of MACC1 protein in HCC tissues. The 3-year postsurgical survival rate was dramatically lower in the high MACC1 group (9.9%) than in the low MACC1 group (61.5%). The comparison of the Kaplan-Meier curves of the overall survival rate after liver resection also showed that patients in the high MACC1 group had significantly shorter postsurgical survival time than those in the low MACC1 group (HR = 2.368; 95%Cl: 1.062, 5.708; P = 0.036; Fig. 1C) .
We also detected p-AKT expression in these specimens to determine whether there is positive correlation between MACC1 and p-AKT expression in HCC tissues. Analysis showed that p-AKT protein was expressed mainly in both the cytoplasm and cell nucleus (Fig. 1A) and that the expression of p-AKT in HCC tissues was increased compared with expression in adjacent liver tissues ( Fig. 2A) . Spearman rank analysis confirmed that p-AKT expression was positively associated with MACC1 expression in HCC tissues (Fig. 2B) . Similarly, p-AKT staining was examined in 5 pairs of HCC and adjacent liver tissue slides for each one of the 41 HCC patients. The mean ratio of tumor/benign p-AKT expression was calculated. We classified the 41 HCCs with follow-up information into two groups, including the high p-AKT group (n = 31) and low p-AKT group (n = 10), using the ratio of tumor/benign p-AKT expression as the cut-off value. The 3-year survival rate after liver resection was 15.2% in the high p-AKT group, which was significantly lower than that (70%) in the low p-AKT group. After analyzing the Kaplan-Meier curves, we found a tendency toward shorter overall survival after surgery in patients from the high p-AKT group compared with those in the low p-AKT group (HR = 2.715; 95%Cl: 1.120, 6.581; P = 0.027; Fig. 1D ).
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MACC1 repressed cell apoptosis and promoted cell growth in HCC cells
As shown in Fig. 3A , both qRT-PCR and western immunoblotting confirmed MACC1 overexpression in Hep3B cells after stable transfection of MACC1-expressing plasmid. A DAPI staining assay for apoptosis was performed to determine the effect of MACC1 on cell apoptosis. Assay results showed that the percentage of apoptotic cells in Hep3B cells with high levels of MACC1 (MACC1 Hep3B cells) was significantly lower than that in Hep3B cells with low levels of MACC1 (control Hep3B cells) (P < 0.001, Fig. 3B ). More Caspase 3/7 Fig. 1 . A There was significantly higher MACC1 expression in HCC tissues (a) than in adjacent liver tissues (b). As indicated by the black arrow, most of the MACC1 protein was expressed in the cytoplasm. Similarly, p-AKT expression was increased in HCC tissues (c) compared with adjacent liver tissues (d). P-AKT protein staining was found in both the cell nucleus (white arrow) and cytoplasm (black arrow). Pictures of negative IHC staining of both HCC tissue (e) and adjacent liver tissue (f) are shown here as a control. B Analysis of IHC scores showed that MACC1 expression in HCC tissues was notably higher than expression in adjacent liver tissues. C Patients with lower MACC1 expression in HCC tissues had a better prognosis after liver resection than those with higher MACC1 expression in HCC tissues.
Fig. 2. A Mann-Whitney U testing
showed that there was more p-AKT expression in HCC tissues than in adjacent liver tissues. B Spearman rank analysis revealed that MACC1 expression was positively associated with p-AKT expression in adjacent liver tissues. ( Fig. 3D) . Consequently, forced the expression of MACC1 increased Hep3B cell viability (as assessed by MTT assay) at all four time points evaluated (Fig. 3E) .
We also examined the anti-apoptotic function of MACC1 in another HCC cell line, SMMC7721. As shown in Fig. 4A , MACC1 expression was increased greatly in SMMC7721 cells by transfection with a MACC1-expressing plasmid. As assessed by DAPI staining assay, there was a lower percentage of apoptotic SMMC7721 cells transfected with MACC1-expressing plasmid (MACC1 SMMC7721 cells) compared with those transfected with control plasmid (control SMMC7721 cells) (Fig. 4B) . Caspase 3/7 activity of SMMC7721 cells was significantly decreased by the overexpression of MACC1 (Fig. 4C) . Consistently, MACC1 overexpression accelerated growth of SMMC7721 cells at certain time points from 48 to 96 hours, as shown in Fig. 4D .
Knockdown of MACC1 was performed in MHCC97 cells with high levels of MACC1 [11] to confirm its regulatory effect on cell apoptosis and growth. As shown in Fig. 5A , shRNA sequences targeting MACC1 successfully suppressed MACC1 expression in MHCC97 cells. The number of apoptotic nuclei was markedly increased by knockdown of MACC1 (Fig.  5B ). MHCC97 cells with MACC1 shRNAs (MACC1 shRNA MHCC97) exhibited an over 2-fold decrease in caspase 3/7 activity compared with MHCC97 cells with scrambled shRNAs (Scr shRNA MHCC97) (Fig. 5C ). The MTT assay showed that silencing MACC1 causes a remarkable inhibition of cell viability in MHCC97 cells (Fig. 5D) . These experiments implied that MACC1 resulted in HCC cell apoptosis and growth arrest in vitro.
MACC1 exerted control over PI3K/AKT signaling by facilitating the activation of HGF/c-MET signaling in HCC
To explore the underlying mechanism whereby MACC1 impairs HCC cell apoptosis and growth, we examined whether MACC1 accelerated HGF/c-MET signaling activation. As shown in Fig. 6A , forced expression of MACC1 led to the up-regulation of c-MET in Hep3B cells. After HGF treatment overnight at a concentration of 20 ng/mL, we observed that there was more expression of both c-MET and p-c-MET in MACC1 Hep3B cells than in control Hep3B cells (Fig. 6A) . Consequently, the overexpression of MACC1 strongly increased the phosphorylation of AKT in response to HGF (Fig. 6B) . Specific PI3K inhibitor LY294002 treatment abolished MACC1-induced phosphorylation of AKT in Hep3B cells.
MACC1 overexpression enhanced the HGF-driven phosphorylation of apoptosis-related proteins BAD, Caspase 9 and FKHRL1 and inhibited their pro-apoptotic function in HCC cells
Bcl-2-associated death promoter (BAD), Caspase 9 and FKHRL1 (FOXO3) are renowned pro-apoptotic proteins that have been considered downstream effectors of PI3K/AKT signaling. As assessed by western immunoblotting, the phosphorylation of BAD, Caspase 9 and FKHRL1 induced by HGF treatment was enhanced after MACC1 overexpression (Fig.  6C) . These data suggest that MACC1 mediated AKT phosphorylation via the HGF/c-MET/ PI3K pathway, increased the phosphorylation of BAD, Caspase 9 and FKHRL1, prevented their nuclear translocation and consequently inhibited HCC cell apoptosis.
C-MET played a critical role in the anti-apoptotic function of MACC1 in HCC cells
To shed more light on the role of c-MET in cell apoptosis induced by MACC1, we repressed c-MET expression in Hep3B by transfecting with targeting siRNAs before forced expression of MACC1. that the up-regulation of c-MET induced by MACC1 was abated as shown by both qRT-PCR and western immunoblotting (Fig. 7A) . The percentage of cells 
MACC1 overexpression promoted tumorigenicity of HCC cells in nude mice
To test the effect of MACC1 on HCC growth in vivo, we subcutaneously inoculated nude mice with MACC1 Hep3B cells or control Hep3B cells in the right flank regions. Tumorigenicity was significantly higher in MACC1 Hep3B cells. As shown in Fig. 8A , remarkably rapid tumor growth was observed in the MACC1 Hep3B cell group after three weeks. Moreover, the TUNEL assay showed that there were notably fewer apoptotic cells in the xenograft tissues of MACC1 Hep3B cells than those of control Hep3B cells (Fig. 8B) . The results suggested that MACC1 accelerated HCC growth in nude mice by repressing cell apoptosis.
Discussion
HCC is one of the few malignant tumors in which a continued increase in incidence has been observed worldwide for several years. Every year, there are approximately 750,000 new HCC cases reported worldwide [2, 14] . Recently, the literature reported that the incidence rate of HCC approximated its death rate, which indicates that most HCC patients ultimately die of this disease [2] . Accordingly, there has been a continuous focus on HCC treatment. To date, liver resection at an early stage of HCC remains the gold standard for patients with normal liver function. Unfortunately, due to the high rate of recurrence or de novo tumor emergence Thus, it is urgent to find a novel biomarker that not only predicts the risk of HCC recurrence after curative liver resection effectively but is also a potential therapeutic target capable of preventing HCC recurrence and treating HCC patients at advanced stages of the disease.
In this study, we reported that the expression of MACC1 was significantly increased in HCC tissues compared with adjacent liver tissues and that its expression in HCC tissues was positively associated with high Edmondson-Steiner classification and advanced TNM staging. Moreover, comparison of Kaplan-Meier survival curves indicated that patients with higher MACC1 expression in HCC tissues had notably worse prognosis after liver resection. These clinical data suggest strongly that MACC1 is closely involved in the mechanism of HCC recurrence after liver resection and functions as a potentially efficacious biomarker and therapeutic target of postsurgical HCC recurrence. These findings are consistent with the results of other groups [16, 17] .
Most investigations of the role of MACC1 in cancer progression focused on the mechanism whereby MACC1 promotes metastasis in a variety of cancers [16] [17] [18] [19] [20] [21] [22] . The present study attempted for the first time to explore its role in mediating cell apoptosis. We found that the overexpression of MACC1 promoted cell growth in both Hep3B and SMMC7721 cells through the repression of cell apoptosis, whereas the deletion of MACC1 led to the opposite results. In addition, we verified that the overexpression of MACC1 promoted tumor growth in a nude mouse model by repressing cell apoptosis. These results of both in vitro and in vivo experiments revealed that MACC1 had an anti-apoptotic function in HCC cells.
To discover the underlying molecular mechanism of MACC1, we examined the influence of MACC1 on HGF/c-MET signaling in HCC. Stein's group first showed in colon cancer that MACC1 regulates HGF/c-MET signaling and consequently contributes to cancer metastasis [3] . They also showed by both reporter chloramphenicol acetyltransferase and electrophoretic mobility shift assay that MACC1 protein binds the promoter of c-MET (fragment -223 to -68 base pairs upstream of its transcription start site) directly in colon cancer. We obtained similar results for HCC here, showing that forced expression of MACC1 promoted c-MET expression and c-MET phosphorylation induced by HGF in Hep3B cells. The ablation of c-MET was found to abolish the anti-apoptotic effect of MACC1 in Hep3B cells. These data demonstrate that MACC1 represses cell apoptosis in HCC by regulating c-MET directly.
Furthermore, we found that MACC1 increased HGF-driven AKT phosphorylation. The PI3K inhibitor LY294002 suppressed the phosphorylation of AKT induced by MACC1, which reveals that MACC1 mediates AKT phosphorylation by facilitating the HGF/c-MET/ PI3K pathway. BAD, Caspase 9 and FKHRL1 have already been validated in several studies to be phosphorylated by p-AKT and in turn lose their pro-apoptotic effect. Here, we found that MACC1 overexpression promoted the phosphorylation of BAD, Caspase 9 and FKHRL1 induced by HGF in Hep3B cells. These data indicate strongly that MACC1 promotes the phosphorylation of BAD, Caspase 9 and FKHRL1 through the regulation of the HGF/c-MET/ PI3K/AKT pathway and consequently inhibits cell apoptosis in HCC.
In summary, in this study we found that MACC1 overexpression predicted worse prognosis after liver resection, which was attributed to its anti-apoptotic effect on HCC cells. Furthermore, we demonstrated that its underlying mechanism was that MACC1 accelerated the activation of the HGF/c-MET/PI3K/AKT pathway, phosphorylated anti-apoptotic proteins including BAD, Caspase 9 and FKHRL1, and ultimately exerted an anti-apoptotic function (Fig. 9) . Hence, MACC1 could potentially serve as a clinical biomarker and therapeutic target for HCC recurrence after liver resection. 
